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Abstract
We study the correlations between the particles emitted by a moving mirror. To this
end, we first analyze 〈Tµν(x)Tαβ(x′)〉, the two-point function of the stress tensor of the
radiation field. In this we generalize the work undertaken by Carlitz and Willey. To
further analyze how the vacuum correlations on J − are scattered by the mirror and
redistributed among the produced pairs of particles, we use a more powerful approach
based on the value of Tµν which is conditional to the detection of a given particle on
J +. We apply both methods to the fluxes emitted by a uniformly accelerated mirror.
This case is particularly interesting because of its strong interferences which lead to a
vanishing flux, and because of its divergences which are due to the infinite blue shift
effects associated with the horizons. Using the conditional value of Tµν , we reveal the
existence of correlations between created particles and their partners in a domain where
the mean fluxes and the two-point function vanish. This demonstrates that the scattering
by an accelerated mirror leads to a steady conversion of vacuum fluctuations into pairs
of quanta. Finally, we study the scattering by two uniformly accelerated mirrors which
follow symmetrical trajectories (i.e. which possess the same horizons). When using the
Davies-Fulling model, the Bogoliubov coefficients encoding pair creation vanish because of
perfectly destructive interferences. When using regularized amplitudes, these interferences
are inevitably lost thereby giving rise to pair creation.
1e-mail: obadia@celfi.phys.univ-tours.fr
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Introduction
It is now well understood that the scattering of a quantum radiation field by a non-inertial
mirror leads to the production of pairs of particles[1, 2, 3]. However, up to now, most
studies have been restricted to the analysis of mean quantities such as the expectation
value of the stress tensor 〈Tµν(x)〉, i.e. the one-point function. This analysis is very
restrictive in that most of the information concerning the correlations among particles is
ignored. In particular, 〈Tµν(x)〉 cannot be used to identify the relationships between the
particles and their partners.
In this paper, it is our intention to go beyond the mean field approach. To this end,
we first study the (connected part of the) two-point function 〈Tµν(x)Tαβ(x′)〉c. In this, we
complete the analysis undertaken by Carlitz and Willey [4] and Wilczek [5], see also [6, 7].
Our motivations are the following. First, since Tµν is the source of gravity, if one wishes to
go beyond the semi-classical treatment, i.e. Einstein equations driven by the mean 〈Tµν〉,
it is imperative to gain some experience concerning the two-point function since it governs
the metric fluctuations about the mean background geometry [8, 9, 10, 11]. Secondly, we
wish to relate the analysis of 〈Tµν(x)Tαβ(x′)〉c to an alternative approach[12, 13, 14, 3] of
correlations which was used to reveal the space time distribution of the correlations among
charged pairs produced in a constant electric field and among Hawking quanta emerging
from a black hole. This method is based on the value of Tµν which is conditional to the
detection of a specific quantum (or specific quanta) on J +. We shall show that the two
approaches are closely related and that the second one is more powerful to identify the
correlations between the particles and their partners. Finally, the quantum correlations
within the fluxes emitted by a mirror constitute an interesting subject per se.
In this respect, it is particularly interesting to study the correlations in the fluxes
emitted by a uniformly accelerated mirror. Indeed, these fluxes possess, on one hand,
strong interferences which lead to a vanishing mean flux and, on the other hand, very
high frequencies associated with the diverging blue shift effects encountered when the
mirror enters or leaves space-time. In order to tame this singular behavior, one needs to
abandon the original Davies-Fulling model [1] and use a self-interacting model described
by an action [15, 16, 17]. In this paper, we shall compare the two-point functions computed
with the Davies-Fulling model and this self-interacting model.
Because of the strong interferences in the case of uniform acceleration, we shall see that
the analysis of the two-point function is not sufficient to properly isolate the correlations
among the produced particles. To complete the analysis, we therefore use the conditional
value of Tµν . By an appropriate choice of the detected quantum on J +, we unravel
correlations among the two members in a produced pair even in domains where the mean
flux and the two-point function vanish. These correlations show that the scattering by
a uniformly accelerated mirror leads to a steady conversion of vacuum fluctuations into
pairs of particles, something which could not be seen from the expressions of the mean flux
and the two-point function which both vanish. Another nice property of this alternative
approach is that the wave packet of the detected particle can be chosen in such a way
that the former regularization of the scattering amplitudes is no longer necessary. We
hope that this double and complementary analysis of observables in the presence of very
high frequencies can lead to a better understanding of the “trans-Planckian” physics,
i.e. the fact that Hawking radiation[18, 19, 20, 21, 14, 11], and cosmological density
fluctuations[22, 23] arise from ultra-high energy configurations.
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Finally, to illustrate the necessity of using regular scattering amplitudes, we study
the scattering by two uniformly accelerated mirrors which follow symmetrical trajecto-
ries (i.e. which possess the same horizons). When using the Davies-Fulling model, the
Bogoliubov coefficients governing pair creation identically vanish. This vanishing follows
from perfectly destructive interferences between the two mirrors, a phenomenon related
to what Gerlach[24] called a perfect interferometer and which was also found when con-
sidering the fluxes emitted by two accelerating black holes[25, 26]. When using regulated
amplitudes, we show that these interferences are inevitably lost and that the total energy
emitted is the sum of the energy emitted by each mirror. It thus appears that the perfect
interferences are an artifact due to the oversimplification of the description of the scatter-
ing. A similar conclusion can be reached when taking into account recoil effects [15, 27].
This further legitimizes the use of regulated scattering amplitudes.
We have organized the paper as follows. In Sec. 1, we recall the basic properties of
the self-interacting model. Sec. 2 is devoted to the study of the two-point correlation
function. In Sec. 3 we compute the conditional value of Tµν and in Sec. 4 we study the
scattering by two uniformly accelerated mirrors.
1 The Lagrangian model
In [17], our aim was to obtain regular expressions for the fluxes and the energy emitted
by a uniformly accelerated mirror. To this end, the scattering of the scalar field Φ by the
mirror was described by a self-interacting model based on an action.
The action density is localized on the mirror trajectory xµcl(τ) where τ is the proper
time. To preserve the linearity of the scattering, the density is a quadratic form of the
field Φ. Since the field is massless, IR divergences appear in the transition amplitudes.
To get rid of these problems, it is sufficient to use a density which contains two time
derivatives. The interacting Lagrangian we shall use is
Lint = −g0
∫
dτg(τ)
∫
d2x δ2(xµ − xµcl(τ))
dxµcl
dτ
dxνcl
dτ
(∂µΦ
†∂νΦ + ∂µΦ∂νΦ†) (1)
= −g0
∫
dτg(τ)
(
∂τΦ
†∂τΦ + ∂τΦ∂τΦ†
)
.
Here, g0 is the coupling constant. The real function g(τ) controls the time dependence of
the interaction. When the interaction lasts 2T , its normalization is given by
∫
dτg(τ) =
2T . The two terms in the parentheses imply that Lint is charge-less. Hence the transition
amplitudes will be invariant under charge conjugation.
We work in the interacting picture. Therefore, the charged field evolves freely, i.e. ac-
cording to the d’Alembert equation,
✷Φ(t, z) = 4∂U∂VΦ(U, V ) = 0 . (2)
Since the field is massless, it is useful to use the light-like coordinates U, V = t∓ z. The
free field Φ can be decomposed as
Φ(U, V ) =
∫ ∞
0
dω√
4πω
(
aUω e
−iωU + aVω e
−iωV + bU †ω e
iωU + bV †ω e
iωV
)
. (3)
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The annihilation and creation operators of left and right-moving particles (and anti-
particles) are constant and obey the usual commutation relations
[aiω, a
j †
ω′ ] = δ
ijδ(ω − ω′) , [biω, bj †ω′ ] = δijδ(ω − ω′) , (4)
where the indices i, j stand for U and V . All other commutators vanish. In the interacting
picture, the states evolve through the action of the time-ordered operator TeiLint . When
the initial state is vacuum, the state on J + is given, up to second order in g0, by
TeiLint |0〉 = |0〉+ iLint|0〉+ (iLint)
2
2
|0〉+ |D〉 . (5)
The ket |D〉 contains terms arising from time-ordering. These terms do not contribute to
the total energy emitted (see [16]). Hence we drop |D〉 from now on.
When working in the vacuum, to obtain the mean flux 〈Tµν〉 and the two-point function
〈TµνTαβ〉 to order g20, it is sufficient to develop the scattering amplitudes to first order in
g0. To this order, the amplitude describing the scattering of an incoming quantum of
frequency ω′ to an outgoing of frequency ω is given by
Aij ∗ωω′ ≡ 〈0|aiω (1 + iLint) aj †ω′ |0〉c , (6)
where the subscript 〈〉c means that only the connected graphs are kept. Similarly, the
spontaneous pair production amplitude reads
Bijωω′ ≡ 〈0|aiωbjω′ iLint |0〉 . (7)
Both non-local and local objects are easily obtained in terms A and B. For instance,
to order g20, the mean number of spontaneously created left-moving particles of frequency
ω is given by
〈NVω 〉 ≡ 〈0|Lint aV †ω aVω Lint|0〉 =
∫ ∞
0
dω′
(∣∣∣BV Vωω′ ∣∣∣2 + ∣∣∣BV Uωω′ ∣∣∣2
)
. (8)
Then, the (subtracted) integrated energy is, as usual,
〈HV 〉 = 2
∫ ∞
0
dω ω〈NVω 〉 . (9)
The factor of 2 stands for particles + antiparticles, which contribute equally. One can
also compute the local flux of energy. The corresponding operator is TV V = ∂VΦ
†∂VΦ +
∂VΦ∂VΦ
†. Its vacuum expectation value is given by
〈TV V (V )〉 ≡ 〈0|e−iLint TV V eiLint |0〉c − 〈0|TV V |0〉
= 2
∑
j=U,V
∫ ∫ ∞
0
dωdω′
√
ωω′
2π
e−i(ω
′−ω)V
(∫ ∞
0
dk BV j ∗ωk B
V j
ω′k
)
−2Re
{ ∑
j=U,V
∫ ∫ ∞
0
dωdω′
√
ωω′
2π
e−i(ω
′+ω)V
(∫ ∞
0
dk AV j ∗ωk B
V j
ω′k
)}
. (10)
We have subtracted the average value of TV V in the vacuum in order to remove the
zero point energy. When integrated over all V , the first term of Eq.(10) determines the
(positive) energy 〈HV 〉 of Eq.(9). The second term clearly integrates to 0.
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The above model can easily be related to the original Davies-Fulling one [1, 2], where
the field obeys
✷Φ(U, V ) = 0 and Φ(V, Vcl(U)) = 0 , (11)
where Vcl(U) is the mirror trajectory expressed in null coordinates. On the right of the
trajectory, the Bogoliubov coefficients are given by the overlaps between initial V modes
of frequency ω defined on J −R and out-modes of frequency ω′ defined on J +R :
α∗ωω′ ≡ (ϕU,outω , ϕV,inω′ ) = −
∫ +∞
−∞
dU
eiωU√
4πω
i
↔
∂U
e−iω
′Vcl(U)√
4πω′
, (12)
β∗ωω′ ≡ (ϕU,out ∗ω , ϕV,inω′ ) = −
∫ +∞
−∞
dU
e−iωU√
4πω
i
↔
∂U
e−iω
′Vcl(U)√
4πω′
. (13)
Two properties are worth remembering. In the Davies-Fulling model, when starting from
vacuum, the flux of energy emitted by the mirror is given by Eq.(10) with AV Uωω′ and B
V U
ωω′
respectively replaced by αωω′ and βωω′ , and A
V V
ωω′ , B
V V
ωω′ sent to zero. Secondly, A
UV
ωω′ =
ig0αωω′ and B
UV
ωω′ = −ig0βωω′ for all trajectories V = Vcl(U) when using Φ†i
↔
∂τΦ instead
of ∂τΦ
†∂τΦ + ∂τΦ∂τΦ† in Eq.(1) and when putting g(τ) = 1, see [16] for more details.
These two properties guarantee that 〈TV V (V )〉 behave similarly whether one uses
the Lagrangian or the Davies-Fulling model to describe the scattering. It is only for
trajectories which lead to singular fluxes when using the Davies-Fulling model that the
two descriptions can significantly differ because the coupling function g(τ) in Eq.(1) can
be chosen so as to obtain regular expressions.
2 The two-point correlation function
To analyze the quantum correlations among the particles emitted by the mirror, we first
study the two-point function of Tµν . Given the Lagrangian defined in Eq.(1), when a U
quantum is detected on J +R (the right hand side of J +, see Fig.1), its partner can be
either a U or a V quantum, emitted respectively toward J +R or J +L .
In this Section, for reasons of simplicity, we mainly focus on U/V correlations and
study the two-point function 〈TUUTV V 〉c. Indeed, in the absence of the mirror, these
correlations vanish. Hence, if 〈TUUTV V 〉c 6= 0, it results from the scattering and not
from pre-existing correlations which exist in the vacuum, see Sec. 2.1. This is not the
case for 〈TV V TV V 〉c which originates both from the scattering as well as from pre-existing
correlations. Moreover, since these two channels interfere, the expressions are much more
complicated.
2.1 Initial correlations on J −, before the scattering
On J −R , when the trajectory does not enter space through it, the field is unscattered.
Therefore, when working in the vacuum, the two-point function is given by
Cvac(V, V
′) ≡ 〈0|TV V (U = −∞, V ) TV V (U ′ = −∞, V ′)|0〉c
= (2∂V ∂V ′Wvac(V, V
′))2 =
1
4π2
1
(V − V ′ − iǫ)4 , (14)
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where the subscript c means that only connected graphs are kept and where Wvac(V, V
′)
is the V -part of the vacuum Wightman function
Wvac(V, V
′) ≡ 〈0|Φ(U = −∞, V ) Φ†(U ′ = −∞, V ′)|0〉 = − 1
4π
ln (V − V ′ − iǫ) . (15)
Eq.(14) is valid for the Davies-Fulling model and for the Lagrangian model. It applies
both for an inertial and for a uniformly accelerated mirror in L, since the past null infinity
J −R lies on the past of the mirror, see Fig.2. Had the mirror entered space through J −R ,
a prescription should have been adopted to define the in-vacuum on J −R in the presence
of a mirror, see Sec. 1.2 in [17].
2.2 Correlations between J − and J +
When the field is initially in vacuum, the correlations between J − and J + are governed
by the (connected) two-point function
C+/−(U, V ′) ≡ 〈0|TUU(U, V = +∞) TV V (U ′ = −∞, V ′)|0〉c . (16)
In this expression, written in the Heisenberg picture, only TUU is evaluated on J +. Hence,
in the interacting picture, C+/−(U, V ′) is given by
C+/−(U, V ′) ≡ 〈0|e−iLintTUU(U)eiLint TV V (V ′)|0〉c , (17)
where TUU and is TV V are now expressed in terms of the free field of Eq.(3). To second
order in the coupling constant and when neglecting again the |D〉 term of Eq.(5), we get
C+/−(U, V ′) = 〈0|LintTUULintTV V |0〉c
−1
2
〈0|(LintLintTUU + TUULintLint)TV V |0〉c . (18)
To compute this expression, it is convenient to introduce the functions
F (U, V ′) ≡ i〈0|∂UΦ(U)∂V ′Φ†(V ′) Lint|0〉 (19)
= −
∫ ∫ ∞
0
dωdω′
√
ωω′
4π
BUVωω′e
−i(ωU+ω′V ′) (20)
and
G(U, V ′) ≡ i〈0|∂UΦ(U) Lint ∂V ′Φ†(V ′)|0〉 (21)
=
∫ ∫ ∞
0
dωdω′
√
ωω′
4π
AUV ∗ωω′ e
−i(ωU−ω′V ′) . (22)
From these equations, we see that F is expressed in terms of the pair production amplitude
B whereas G is a function of the scattering amplitude A. Using Eqs.(19) and (21), one
can rewrite the correlation function in the following form
C+/−(U, V ′) = (F ∗(U, V ′) +G(U, V ′))2 . (23)
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Before applying Eq.(23) to inertial and accelerated trajectories, it is interesting to
compute Eq.(16) in the Davies-Fulling model. In this case, one gets
C
+/−
DF (U, V
′) = 2
(
∂U∂V ′W
+/−
DF (U, V
′)
)2
=
1
4π2
(dVcl/dU)
2
(Vcl(U)− V ′ − iǫ)4 , (24)
where the relevant part of the scattered Wightman function is given by
W
+/−
DF (U, V
′) = 〈0|Φ(U, V = +∞)Φ†(U ′ = −∞, V ′)|0〉
=
1
4π
ln (Vcl(U)− V ′ − iǫ) . (25)
Eqs.(23) and (24) show that the two-point function is not real. In this regard, it
is worth making the following remarks. First we note that C
+/−
DF diverges only when
V ′ → Vcl(U), i.e. at the classical image point. Similarly, we shall see that C+/− of Eq.(23)
also diverges in this limit but is otherwise finite. The fact that no regularization is needed
to evaluate it follows from the fact that only connected graphs have been kept in Eq.(17).
Secondly, we note that the imaginary character of C
+/−
DF arises only from its singular
limit. The sign of ǫ encodes the fact that only positive frequencies enter in the Wightman
function Eq.(15). Therefore, on one hand, the limit ǫ→ 0 can be taken when evaluating
the two-point functions when V ′ 6= Vcl(U). On the other hand however, the iǫ prescrip-
tion must be kept when using C+/− to obtain the correlations of integrated operators,
e.g. 〈HUTV V 〉 where HU = ∫ dUTUU . Indeed, the definition of the integral over U requires
that the limit ǫ → 0 be taken after having performed the integral, see [28] where it is
shown that the same procedure should be used to properly evaluate the energy in the
Rindler vacuum. In this sense, the two-point functions should be viewed as distributions.
2.2.1 Inertial mirror
In the case of an inertial mirror, the canonical3 trajectory reads Vcl(U) = U . The cor-
responding space-time diagram is pictured in Fig.1. In the Davies-Fulling model, using
Eq.(24), the two-point function reads
C
+/−
DF,inert(U, V
′) =
1
4π2
1
(U − V ′ − iǫ)4 . (26)
The small distance divergence comes from the vacuum configurations emerging from J −R
at V ′ and which have been reflected on the mirror at V ′ = Vcl(U) = U . We therefore
recover the divergence which existed in the vacuum on J −, see Eq.(14).
To compute the corresponding two-point function in the Lagrangian model, we use
Eq.(23). Eqs.(19) and (21) applied to the inertial trajectory give
Finert(U, V
′) = −2ig0
∫ +∞
−∞
dt g(t)∂U∂tWvac(U, t)∂V ′∂tWvac(V
′, t)
=
−2ig0
(4π)2
∫ +∞
−∞
dt g(t)
1
(U − t− iǫ)2
1
(V ′ − t− iǫ)2 (27)
3Generally, inertial trajectories read Vcl(U) = |ξ|(U − U0) + V0. They all provide the same two-point
functions by applying U ′ =
√|ξ|(U − U0), V ′ = (V − V0)/√|ξ|.
7
+L
−
L
−
R
+
 R
TUU
TVV
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          








































i+
−i
Figure 1: The Penrose diagram of space-time around an inertial mirror. Being interested in the
correlations between J −R and J +R , the dashed region is of no interest.
Ginert(U, V
′) = −2ig0
∫ +∞
−∞
dt g(t)∂U∂tWvac(U, t)∂t∂V ′Wvac(t, V
′)
=
−2ig0
(4π)2
∫ +∞
−∞
dt g(t)
1
(U − t− iǫ)2
1
(t− V ′ − iǫ)2 . (28)
To obtain local expressions of Finert andGinert, we express g(t) with its Fourier components
and perform the integrations over t by the method of residues. Since Minkowski vacuum
contains only positive frequency, it is appropriate to decompose g(t) as g(t) = g+(t)+g−(t)
where g+ contains only positive frequencies:
g+(t) =
∫ ∞
0
dω gωe
−iωt with gω ≡ 1
2π
∫ +∞
−∞
dt g(t)eiωt . (29)
Then we get
Finert(U, V
′) = − g0
4π
[
∂U
(
g+(U)
(U − V ′ − iǫ)2
)
+ ∂V ′
(
g+(V
′)
(V ′ − U − iǫ)2
)]
(30)
Ginert(U, V
′) = − g0
4π
[
∂U
(
g+(U)
(U − V ′ − iǫ)2
)
− ∂V ′
(
g−(V ′)
(V ′ − U + iǫ)2
)]
. (31)
To obtain the value of C
+/−
inert(U, V
′) off the image point U = Ucl(V ′) = V ′, we can take
the limit ǫ→ 0. Using Eq.(23), we get
C
+/−
inert(U, V
′)|ǫ=0 = g
2
0
(4π)2
[
∂U
(
g(U)
(U − V ′)2
)]2
. (32)
Two remarks should be made. On one hand, when g(t) ≡ 1, one recovers Eq.(26) up to
two differences. The first one is the g20 pre-factor due to the perturbative expansion. The
second one is the power of the pole (of order 6 instead of 4). This discrepancy arises from
the fact that we have taken a Lagrangian with two time derivatives (see Eq.(1)). Had we
taken the current J = Φ†i
↔
∂τΦ instead of ∂τΦ†∂τΦ+∂τΦ∂τΦ† , we would have obtained a
fourth order pole in Eq.(32). However, in that case, the expressions in Fourier transform,
i.e. Eqs.(20) and (22), would have been divergent in the low-frequency limit.
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On the other hand, when g(t) possesses a compact support, the correlator identically
vanishes, as it should do by causality, when the outgoing configurations (here the U
configurations) lie outside the support of g(t), i.e. when they cross the trajectory without
being scattered by the mirror. Hence, unlike in the Davies-Fulling model, C
+/−
inert(U, V
′) is
not symmetric in U, V ′.
2.2.2 Classical scattering by a uniformly accelerated mirror
We first look at classically reflected configurations, i.e. at configurations which have sup-
port for V ′ < 0 and U > 0 when the uniformly accelerated trajectory follows Vcl(U) =
−1/a2U in the left Rindler wedge, see Fig.2. This situation corresponds to what we just
analyzed for an inertial trajectory.
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Figure 2: The Penrose diagram of space-time around a uniformly accelerated mirror in the left
Rindler wedge. As before, we consider only configurations on the right of the trajectory.
In the Davies-Fulling model, the relevant part of the Wightman function, Eq.(25), is
given by
W
+/−
DF,unif.acc.(U, V
′) =
1
4π
Θ(U) ln
(
−1/(a2U)− V ′ − iǫ
)
. (33)
Then, Eq.(24) gives
C
+/−
DF,unif.acc.(U, V
′) =
1
4π2
Θ(U)
(1/a2U2)2
(−1/(a2U)− V ′ − iǫ)4 , (34)
up to an ill-defined singular contribution on U = 0. Using the Rindler coordinates
v′L = −
1
a
ln(−aV ′) and uL = 1
a
ln(aU) , (35)
the “Rindler” correlation function is
C
+/−
DF,unif.acc.(uL, v
′
L) ≡ 〈Tuu(uL)Tvv(v′L)〉
= (
dU
duL
)2(
dV ′
dv′L
)2C
+/−
DF,unif.acc.(U, V
′)
=

 a2
8π
1
sinh2(
a(uL−v′L−iǫ)
2
)


2
. (36)
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When comparing this expression4 to that of an inertial trajectory, Eq.(26), one finds the
following correspondence: Eq.(36) is exactly the expression one would have obtained for
C+/− in the case of an inertial mirror in a thermal bath with T = a/2π, see [5]. This is no
surprise since the scattering of Rindler modes by an accelerated mirror is identical (in fact
trivial when using the Davies-Fulling model) to the scattering of Minkowski modes by an
inertial mirror, and since the two-point functionWvac of Eq.(15) is thermal when expressed
in terms of Rindler coordinates. We shall now verify that the same correspondence applies
to the Lagrangian model.
When applying this model to the uniformly accelerated trajectory, Eqs.(19) and (21)
give
Funif.acc.(U, V
′) =
−2ig0a4
(16π)2
ea(v
′
L
−uL)
∫ +∞
−∞
dτ g(τ)
1
sinh2(a(uL−τ−iǫ)
2
)
1
sinh2(
a(v′
L
−τ−iǫ)
2
)
(38)
Gunif.acc.(U, V
′) =
−2ig0a4
(16π)2
ea(v
′
L
−uL)
∫ +∞
−∞
dτ g(τ)
1
sinh2(a(uL−τ−iǫ)
2
)
1
sinh2(
a(τ−v′
L
−iǫ)
2
)
.(39)
As in the inertial case, one can perform the integrals when using the following decompo-
sition
1
sinh2(x)
=
+∞∑
n=−∞
1
(x− inπ)2 , (40)
and by introducing the function
g¯+(τ) =
∫ +∞
−∞
dλ
gλe
−iλτ
1− e−2πλ/a with gλ ≡
1
2π
∫ +∞
−∞
dτ g(τ)eiλτ , (41)
and g¯−(τ) = g¯∗+(τ). We get
Funif.acc.(U, V
′) = − g0
4π
a2
4
ea(v
′
L
−uL)
[
∂uL
(
g¯+(uL)
sinh2(a
2
(uL − v′L − iǫ))
)
+∂v′
L
(
g¯+(v
′
L)
sinh2(a
2
(v′L − uL − iǫ))
)]
(42)
Gunif.acc.(U, V
′) = − g0
4π
a2
4
ea(v
′
L
−uL)
[
∂uL
(
g¯+(uL)
sinh2(a
2
(uL − v′L − iǫ))
)
−∂v′
L
(
g¯−(v′L)
sinh2(a
2
(v′L − uL + iǫ))
)]
. (43)
Since g¯+(τ) + g¯−(τ) = g(τ), when taking the limit ǫ→ 0, the correlation function reads
C
+/−
unif.acc.(uL, v
′
L) =
g20
(4π)2
[
a2
4
∂uL
(
g(uL)
sinh2(a
2
(uL − v′L))
)]2
, (44)
4We note that a similar expression has been obtained by Carlitz and Willey[4] in the case of the
trajectory −κU = ln (−κVcl(U)). When defining −κv′L = ln(−κV ′) for V ′ < 0, their result reads
C
+/−
DF,CW (U, v
′
L) =
[
κ2
8pi
1
sinh2(
κ(U−v′
L
−iǫ)
2 )
]2
. (37)
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as expected from Eq.(32) and the correspondence between accelerated systems described
in Rindler coordinates and inertial systems in a thermal bath.
Moreover, when g(τ) is a constant, we recover that the only differences between the
two-point functions obtained in the Davies-Fulling model and in the Lagrangian model
concern the g20 pre-factor and the additional proper time derivative. In fact these relations
are generic since they directly follow from the fact that, when g(τ) is a constant, the
scattering amplitudes of Eqs.(6) and (7) are proportional to the Bogoliubov coefficients
obtained in the Davies-Fulling model, see Eqs.(33) in [16].
2.2.3 Other correlations on the right of an accelerated mirror
When the mirror is uniformly accelerated, in addition to the “classical” scattering ana-
lyzed above, there exists three other sectors since both J − and J + cover two Rindler
patches.
Let us first examine the trivial correlations between J − and J +. They are obtained for
U < 0 and any V ′, i.e. below the past horizon of the mirror, see Fig.3. Non surprisingly,
these correlations identically vanish. Indeed, causality tells us that these correlations are
equal to the (null) correlations between U and V vacuum configurations evaluated on J −
C+/−(U < 0, V ′) = C−/−(U < 0, V ′) = 0 . (45)
UUT
UUT
TVV
TVV
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
















      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
















       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
















      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
















      
      
      
      
      
      
      
      
      
      
      
      
      
      
      















TVV
TUU
=
TUU
TUU
=
TVVTVV
=
Figure 3: In these Penrose diagrams, we show the equivalence between the correlations between
J −R and J+R with U < 0 and those between J−R and J−L . Since the latter identically vanish, so
do the formers. This is also the case in the fifth diagram which represents U/V correlations on
J + when U < 0, see Sec. 2.3.
The last and most interesting case corresponds to the correlations between U > 0 and
V ′ > 0. In the Davies-Fulling model, the correlation function is again given by Eq.(34).
Indeed, the Wightman function given in Eq.(25) is valid for any V ′. Then, given the
Rindler coordinate on the other side of the horizon V = 0,
v′R =
1
a
ln(aV ′) , (46)
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one can rewrite the correlation function in the following way
C
+/−
DF,unif.acc.(uL, v
′
R) =

 a2
8π
1
cosh2
(
a
2
(v′R + uL)
)


2
. (47)
This result can be obtained by analytically continuing Eq.(34) according to V ′ → V ′e−iπ.
It is the iǫ prescription which specifies that the continuation should be performed in the
lower plane. In terms of Rindler coordinates, it amounts to apply vL → −vR + iπ/a in
Eq.(36). This analytical continuation also applies to the Unruh modes [3] and follows
from the fact that Minkowski vacuum contains positive frequencies only.5
In the interacting model, since V ′ > 0 lies in a disconnected region for the trajectory,
the field expressed at this point commutes with the Lagrangian. Hence, one has
F (U > 0, V ′ > 0) = G(U > 0, V ′ > 0) (49)
=
−2ig0a4
(16π)2
e−a(v
′
R
+uL)
∫ +∞
−∞
dτ g(τ)
1
sinh2(a(uL−τ−iǫ)
2
)
1
cosh2(
a(v′
R
+τ−iǫ)
2
)
.
Thus, Eq.(23) gives
C
+/−
unif.acc.(U > 0, V
′ > 0) = 4 (Re[F (U > 0, V ′ > 0)])2 , (50)
which is real, as C
+/−
DF in Eq.(47). The corresponding Rindler two-point function is given
by
C
+/−
unif.acc.(uL, v
′
R) =
g20
(4π)2
[
a2
4
∂uL
(
g(uL)
cosh2(a
2
(uL + v′R)
)]2
. (51)
It is interesting to notice that Eq.(51) could have been obtained in two different ways. On
one hand, Eq.(51) follows from Eq.(47) by applying the generic relations between the two
models. On the other hand, Eq.(51) could have been obtained from Eq.(44) because the
(regularized) scattering amplitudes, see Eq.(108), obey crossing symmetry which follows
from the stability of Minkowski vacuum and which allows to deform the integral over ω′
so as to obtain Eq.(49).
Since Eqs.(47) and (51) do not concern the classical reflexion on the mirror, they
never diverge. In fact, they are expressed only in terms of pair creation coefficients
which decrease in the ultraviolet regime like BV Uωω′ ∼ e−
√
ωω′/a. Nevertheless, they are
peaked around uL + v
′
R = 0 with a spread governed by 1/a. This locus corresponds to
V = −Vcl(U). This maximum indicates that the configurations which give rise to the
“partner” of an outgoing quantum, found for U > 0, are vacuum configurations which are
symmetrically distributed on the other side of the horizon, see Fig.4.
5This continuation also applies for the trajectory κU = − ln(−κV ) for V < 0. When defining κv′R =
ln(κV ′) for V ′ > 0, Carlitz and Willey noticed that
C
+/−
DF,CW (U, v
′
R) =
[
κ2
8pi
1
cosh2(
κ(U+v′
R
)
2 )
]2
(48)
is the analytical continuation of Eq.(37).
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This result is somehow paradoxical in the case of a uniformly accelerated mirror be-
cause it indicates that pairs are steadily produced (in terms of the proper time) in a
domain where the mean flux 〈TUU〉 vanishes (Instead, the steady character of Eq.(48)
causes no surprise since the corresponding 〈TUU〉 is thermal and constant[4]). To clarify
the situation, we shall analyze in Sec. 3 the correlations between U and V configurations
by using the alternative method based on the conditional value of Tµν . Before doing so,
it is interesting to analyze the correlations between J +R and J +L .
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Figure 4: This diagram illustrates the fact that the correlations between TUU and TV V when
U > 0 and V ′ > 0 are peaked around V = −Vcl(U), that is, on the other side of the horizon at
V = 0, and symmetrically with respect to the locus of classical reflection given by V = Vcl(U),
see Eqs(47) and (51). The diagram also illustrates the fact that, by causality, C+/+ of Eq.(59)
is equal C+/− of Eq.(47) when U > 0 and V ′ > 0.
2.3 The correlations on J +
We now look at the U/V correlations on J +, that is
C+/+(U, V ′) ≡ 〈0|TUU(U, V = +∞)TV V (U ′ = +∞, V ′)|0〉c . (52)
In the interacting picture, the two-point function reads
C+/+(U, V ′) = 〈0|e−iLintTUU(U)TV V (V ′)eiLint |0〉c . (53)
To second order in g0, we get
C+/+(U, V ′) = 〈0|Lint TUUTV V Lint|0〉c
− Re [〈0|TUUTV V LintLint|0〉c] . (54)
Notice that the second term behaves like the second term in the mean flux, see Eq.(10): it
vanishes when integrated over V ′ (or U). Moreover, when applied to an accelerated mirror
it leads to a vanishing C+/+(U, V ′) (as the second term in Eq.(10) leads to a vanishing
mean flux) when the coupling is constant and when U and V ′ are both in the causal future
of the mirror.
13
Eq.(54) guarantees that C+/+ is real and only depends on F defined in Eq.(19):
C+/+(U, V ′) = (F ∗(U, V ′) + F (U, V ′))2 = 4 (Re[F (U, V ′)])2 . (55)
Since it arises only from pair creation amplitudes, this guarantees that it is finite, as for
Eq.(51). When the trajectory is inertial, Eq.(30) gives
C
+/+
inert(U, V
′) =
g20
(4π)2
[
∂U
(
g(U)
(U − V ′)2
)
+ ∂V ′
(
g(V ′)
(V ′ − U)2
)]2
. (56)
When g(t) is constant, C
+/+
inert vanishes for every couple of points (U, V
′). This is as it
should be: inertial systems do not radiate when their coupling to the radiation field is
constant. Moreover, when g(t) varies, Eq.(56) is finite even in the coincidence image limit,
that is V ′ → Vcl(U). In this limit, one gets
lim
V ′→U
C
+/+
inert(U, V
′) =
g20
(24π)2
[
∂3Ug(U)
]2
. (57)
This equation should be added to Eq.(95) in [16] which gives the mean flux emitted by
this inertial mirror.
When applied to a uniformly accelerated mirror, Eq.(53) depends on the sign of U
and V ′. By causality, in three of the four cases, C+/+ can be expressed in terms of the
correlation functions previously computed between J − and J +. The fourth case is the
analog of the configurations studied in the inertial case, Eq.(56). We first discuss the
three other cases.
Since the V ′ > 0 part of J +L is causally disconnected from the trajectory, one has
C
+/+
unif.acc.(U < 0, V
′ > 0) = C+/−unif.acc.(U < 0, V
′ > 0) = 0 , (58)
according to Eq.(45), see Fig.3, and
C
+/+
unif.acc.(U > 0, V
′ > 0) = C+/−unif.acc.(U > 0, V
′ > 0) , (59)
given in Eq.(51), see Fig.4. Moreover, the U < 0 part J +R is also disconnected from the
trajectory. Hence, one obtains
C
+/+
unif.acc.(U < 0, V
′ < 0) = C+/−unif.acc.(V
′ < 0, U < 0) . (60)
By direct evaluation, one gets
C
+/−
unif.acc.(v
′
L, uR) = C
+/−
unif.acc.(uL = v
′
L, v
′
R = uR) , (61)
where −aU = e−auR and −aV ′ = e−av′L and where the r.h.s. is given by Eq.(51).
The last and most interesting correlations are encountered when the supports of TUU
an TV V are both in the future of the trajectory, i.e. for U > 0 and V
′ < 0. In the Davies-
Fulling model, the two-point function is identically zero since the mirror is perfectly
reflecting. Instead, the Lagrangian model provides a non-vanishing result. In terms of
Rindler coordinates, Eqs.(42) and (55) gives
C
+/+
unif.acc.(uL, v
′
L) =
g20
(4π)2
[
∂uL
(
g(uL)
4
a2
sinh2(a
2
(uL − v′L)
)
+ ∂v′
L
(
g(v′L)
4
a2
sinh2(a
2
(v′L − uL)
)]2
.(62)
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Eqs.(56) and (62) enjoy similar properties. Indeed, C
+/+
unif.acc. also vanishes when g is
constant and when g(τ) varies, it is finite in the coincidence image limit
lim
v′
L
→uL
C
+/+
unif.acc.(uL, v
′
L) =
g20
(24π)2
[
(∂3uL − a2∂uL)g(uL)
]2
. (63)
Eq.(62) is an illustration of Grove’s theorem [29, 3] which states that the fluxes emitted
by a uniformly accelerated system behave like those emitted by the same system when
it is inertial and in a thermal bath. Indeed, Eq.(62) follows from Eq.(56) by replacing
Minkowski coordinates by Rindler ones and the vacuum two-point function by its thermal
expression. One has only transient effects when the switching function varies. This
is illustrated in Fig.5 where one sees that the two-point function possesses two peaks
localized in transients.
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Figure 5: C
+/+
unif.acc.(uL, vL) when g(τ) is given by Eq.(104) and in arbitrary units. We choose
a = 1 and ln η = −4. The two peaks are located for uL = vL ≃ ±(ln 2η), when the coupling is
switched on and off, see Eq.(105).
In brief, the lessons we obtained from the analysis of the two-point function are the
following, see the two tables below. For an accelerated mirror, the mean flux and the two-
point function in causal contact, Eq.(62), are concentrated in the transients. Hence they
both vanish in the limit g(τ)→ const. and in the Davies-Fulling model. However, this is
not the case for Eq.(59). Moreover, since the latter is a function of uL + v
′
R (i.e. τ − τ ′)
when g(τ) is a constant, this indicates a steady production of particles. To understand
the origin of this discrepancy, we shall analyze in the next Section matrix elements of Tµν
which contain more information than the two-point function.
3 Quantum correlations revealed by “post-selection”
To further analyze the correlations we now apply a second method. Two different situa-
tions are considered.
In Sec. 3.1, the selection of the final configurations on J + (hereafter called “post-
selection” to conform ourselves to the jargon) is imposed from the outset. This method
15
(
16π
a2g0
)2
C
+/−
unif.acc.(u, v
′) U = − 1
a
e−auR < 0 U = 1
a
eauL > 0
V ′ = − 1
a
e−av
′
L < 0 0
[
∂uL
(
g(uL)
sinh2(a
2
(uL−v′L)
)]2
V ′ = 1
a
eav
′
R > 0 0
[
∂uL
(
g(uL)
cosh2(a
2
(uL+v
′
R
)
)]2
Table 1: The two-point functions between J− and J + for a uniformly accelerated mirror in L.
They are of three different results. C+/− identically vanishes for U < 0, since this corresponds to
causally disconnected outgoing fluxes. On the contrary, C+/− diverges in the coincidence image
limit, for V ′ = Vcl(U). Finally, C
+/− is finite in the remaining case which corresponds to the
correlations between a U quantum and its V -partner, see Fig.4.
(
16π
a2g0
)2
C
+/+
unif.acc.(u, v
′) U = − 1
a
e−auR < 0 U = 1
a
eauL > 0
V ′ = − 1
a
e−av
′
L < 0
[
∂v′
L
(
g(v′
L
)
cosh2(a
2
(uR+v
′
L
)
)]2 [
∂uL
(
g(uL)
sinh2(a
2
(uL−v′L)
)
+ {uL ↔ v′L}
]2
V ′ = 1
a
eav
′
R > 0 0
[
∂uL
(
g(uL)
cosh2(a
2
(uL+v
′
R
)
)]2
Table 2: The two-point functions on J + for a uniformly accelerated mirror in L. C+/+ vanishes
for disconnected configurations V ′ > 0 and U < 0. In the three other cases it is finite everywhere
as it results from pair creation amplitudes only.
is straightforward and leads to the answer we are searching, namely to identify why C+/+
in Eq.(62) vanishes whereas C+/+ of Eq.(59) indicates a steady pair creation rate.
In Sec. 3.2 we shall nevertheless present another way to perform the post-selection:
we shall couple the radiation field to an additional quantum device and then post-select
the state of the latter. The justification of this second approach is that the resulting
expression for the conditional value of Tµν will establish a clear relation between the
traditional approach based on the two-point function and the unusual one based on the
conditional values. We shall see that the conditional value is a kind of point-split and
smeared version of the two-point function previously analyzed.
3.1 The conditional value of Tµν
To compute the conditional value of an operator, one first chooses some final configurations
on J + (in our case, a wave packet representing a particle emitted toward J +R ). This
defines a projector P in Fock space. Then, in the Heisenberg picture, the corresponding
conditional values of Tµν reads
〈Tµν〉P ≡
〈0|Tµν P|0〉
〈0|P|0〉 = 〈0|Tµν |0〉+
〈0|Tµν P|0〉c
〈0|P|0〉 . (64)
For further details concerning the physical meaning of the (connected) matrix element of
Tµν , we refer to [14].
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3.1.1 The choice of the wave packet
To obtain simple expressions for 〈Tµν〉P in the case of a uniformly accelerated mirror, we
shall post-select a one-particle state described by a superposition of “Unruh” [30] modes
ϕ˜Uλ . We recall that the Unruh modes are eigenmodes with respect to the proper time τ
evaluated along the trajectory and superpositions of positive frequency Minkowski modes,
for further details see [30, 17]. We choose to perform the post-selection on J +R , in causal
contact with the mirror, i.e. for U > 0, see Fig.2. The selected state is thus of the form
|Ψ〉 =
∫ +∞
−∞
dλ f ∗(λ; λ¯, σ, u¯L) a˜
U †
λ |0〉U,part , (65)
where |0〉U,part is the vacuum with respect to U particles and a˜U †λ is the creation operator
of a Unruh U -particle. The function f is normalized as follows
〈Ψ|Ψ〉 =
∫ +∞
−∞
dλ
∣∣∣f(λ; λ¯, σ, u¯L)∣∣∣2 = 1 . (66)
We have chosen to select this state for two reasons. First we want to detect a particle
which is produced by the scattering on the mirror, i.e. we want |Ψ〉 to be orthogonal
to the initial state, the Minkowski vacuum |0〉. This requirement excludes to work with
Rindler quanta since they are present in this state. The second reason is obvious, the
stationarity of the scattering is expressed in term of eigenmodes of i∂τ = λ which is a
Rindler frequency.
It is also important to mention that |Ψ〉 does not fully specify the state on J +. Indeed,
since we are interested in determining the partner of |Ψ〉, we do not specify what is the
state of particles emitted to J +L nor the anti-particle states. Therefore |Ψ〉 defines a
projector Pu¯L
λ¯,σ
(in the sense that Pu¯L
λ¯,σ
P
u¯L
λ¯,σ
= Pu¯L
λ¯,σ
) which only determines the U -particle
sector:
P
u¯L
λ¯,σ
≡ |Ψ〉〈Ψ| ⊗ 1[a˜V , b˜U , b˜V ] , (67)
since 1[a˜V , b˜U , b˜V ] is the identity operator for the particle states on J +L and the anti-
particle states.
To obtain analytical expressions, we choose the function f to be
f(λ; λ¯, σ, u¯L) ≡ e
iλu¯L√
4πλ(e2πλ/a − 1)
e−(λ−λ¯)
2/2σ2
√
2πσ
× λ sinh2(πλ/a)×N
[
λ¯, σ
]
. (68)
The first factor corresponds to a Unruh quantum centered around uL = u¯L with a mean
frequency given by λ¯. The second factor has been chosen so as to obtain analytical
expressions for the conditional values and the third factor ensures that |Ψ〉 is normalized
according to Eq.(66). Since we want to detect the particle well localized around u¯L,
i.e. around aU¯ = eau¯L > 0, λ¯ must obey
λ¯ < 0 and |λ¯|/a≫ 1 . (69)
The first condition arises from the fact that Unruh modes of negative Rindler frequency
live mainly in the L sector. The second condition guarantees that the second peak of the
wave packet found around U = −U¯ < 0 is negligible. We recall that wave packets built
17
with Unruh modes possess two peaks. The relative weights of their norms is the thermal
factor e−2π|λ¯|/a encoding the Unruh effect.
Before computing the conditional value of the flux, one inquires into the Minkowski
frequency content of |Ψ〉. To this end, we compute the probability to find a one-particle
state of Minkowski frequency ω
〈0|aUω Pu¯Lλ¯,σ aU†ω |0〉 =
∣∣∣∣
∫ +∞
−∞
dλ f ∗(λ; λ¯, σ, u¯L) γλω
∣∣∣∣
2
, (70)
where
γλω ≡ 〈0|aUω a˜U †λ |0〉
=
Γ(iλ/a)√
aπ
λ sinh(πλ/a)
(
ω
a
)−iλ/a
1√
2πωa
. (71)
In the limit |λ¯|/a≫ 1 the stationary phase condition gives
λsp = λ¯− iσ
2
a
ln(
−ω
λspe−au¯L
) . (72)
The norm of the overlap is maximum when the imaginary part of λsp vanishes. Thus
|Ψ〉 is made of Minkowski frequencies centered around ω¯ = |λ¯|e−au¯L . The spread in ω is
σe−au¯L . When σ < a, our wave packet is thus well-peaked both in Minkowski frequencies
and in space-time.
3.1.2 The conditional values of the fluxes
To obtain the connected part of the conditional value, we first compute the denominator
of the second term in Eq.(64) which gives the probability to detect our chosen quantum.
To the second order in g0, it is given by 〈0|LintPu¯Lλ¯,σLint|0〉. Since |Ψ〉 is expressed in
terms of Unruh quanta, it is appropriate to re-express the transition amplitudes in terms
of these rather than Minkowski quanta as in Eqs.(6) and (7). The resulting amplitudes
will be noted B˜λλ′ . We have suppress the upper indices U, V because they are all equal.
Moreover they simply depend on the Rindler Fourier components of g(τ):
B˜λλ′ ≡ 〈0|a˜Uλ b˜Vλ iLint|0〉 = 〈0|a˜Uλ b˜Uλ iLint|0〉
= ig0
λλ′√
λ(e2πλ/a − 1)λ′(e2πλ′/a − 1)
g∗λ+λ′ . (73)
Then the probability reads
〈0|LintPu¯Lλ¯,σLint|0〉 = 2
∫ ∫ ∫ +∞
−∞
dλ dλ′dµ B˜∗λµB˜λ′µf
∗(λ)f(λ′) . (74)
We must now verify that the matrix elements computed with B˜λ′λ converge. We remind
the reader that when computing the average value of the fluxes, convergence was provided
by the asymptotic decreasing of g(τ), namely g(τ) → 0 faster than e−a|τ |, see [17]. In
the case of conditional values, a UV frequency cut-off can be provided by f(λ) which
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characterizes the post-selected wave packet. When this is the case, one can safely consider
the limit of constant coupling: g(τ) = 1. In this limit, we get
B˜λλ′ = −ig0
2
λ
sinh(πλ/a)
δ(λ+ λ′) . (75)
When using f given in Eq.(68), the Gaussian weight guarantees that all expressions
are well-defined in the UV. Moreover, Eq.(68) leads to analytical expressions for the
probability and the conditional values of the flux. However, since these expressions are
rather complicated, we shall present only their behavior in the limit |λ¯|/a ≫ σ2/a2 in
addition to Eq.(69) (This condition means that we work with well peaked wave packets
in λ.). In this limit, the probability reads
〈0|LintPu¯Lλ¯,σLint|0〉 = 2g20λ¯2 e−2π|λ¯|/a , (76)
which is independent of the value of u¯L, thereby indicating a steady production of particles
weighted by the thermal factor, as expected from the general analysis of Appendix C in
[14]. (The corrections to Eq.(76) and the following equations are O(σ/λ¯)).
The connected part of the conditional values of the flux is
〈Tµν〉P c = 〈Tµν〉p.s.P + 〈Tµν〉partnerP , (77)
where 〈Tµν〉p.s.P is the flux carried by the post-selected particle and 〈Tµν〉partnerP , that carried
by its partner. When P is given by Eq.(67), 〈Tµν〉p.s.P is purely outgoing and consists in
matrix elements of a˜U a˜U † and a˜U b˜U . It possesses two maxima for U = U¯ and U = −U¯ ,
which are related to the probability of measuring the position of the post-selected wave
packet. Moreover, as for Hawking quanta emerging from a black hole, it is complex [14].
The “partner” term of Eq.(77) is more interesting. To second order in g0, it is given
by
〈Tµν〉partnerP =
〈0|LintTµνPu¯Lλ¯,σLint|0〉
〈0|LintPu¯Lλ¯,σLint|0〉
(78)
Unlike the p.s. term, 〈Tµν〉partnerP contains both U and V fluxes. Moreover, since the scat-
tering amplitudes of Eq.(73) are identical for U and V modes, one has 〈TUU(U)〉partnerP =
〈TV V (V = −U)〉partnerP . Explicitly one gets
〈TV V 〉partnerP =
2
∣∣∣∣
∫ ∫ +∞
−∞
dλdλ′B˜λλ′f(λ)∂V ϕ˜Vλ′
∣∣∣∣
2
〈0|LintPu¯Lλ¯,σLint|0〉
, (79)
where ϕ˜λ is the mode associated with the Unruh operator a˜λ. This part of the conditional
flux consists only in matrix elements of b˜V b˜V †. Having post-selected a wave packet made
with a˜ only, this guarantees that the “partner” term is real.
In the right quadrant, for V > 0, the Rindler flux is
〈Tvv(vR)〉partnerP =
σ|λ¯|√
π
e−(u¯L+vR)
2σ2 . (80)
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In this, we find a behavior very similar to that of C+/+(u¯L, vR) of Eq.(59): C
+/+ also
exhibits a constant maximum for vR = −u¯L, see Table 2. The width is here given by
1/σ instead of 1/a as in Eq.(59), because of our choice of the window function f(λ) in
Eq.(68). The similarity of 〈Tvv(vR)〉partnerP when having post-selected a U -quantum at u¯L,
with C+/+(u¯L, vR) should cause no surprise: the first term of Eq.(54) is dominant and
TUU acts in it as P does it in Eq.(78).
However the correspondence with the two-point function is lost when computing the
conditional value in the left quadrant, for V < 0. Whereas C+/+(uL, v
′
L) vanishes for
g(τ) = 1, we obtain
〈Tvv(vL)〉partnerP =
σ|λ¯|√
π
e−(u¯L−vL)
2σ2e−2π|λ¯|/a , (81)
which is smaller than Eq.(80) by the thermal factor e−2π|λ¯|/a. The origin of this loss is
as follows. In Eq.(53) the post-selection induced by Tuu(uL) is strictly confined in the
L quadrant. Hence it is insensitive to the transients (located on U = 0+ in the limit
g → const.) which contain all the emitted particles. On the contrary, the post-selection
carried by |Ψ〉 specifies that one Unruh quantum be present on J +R . This prescription is
sensitive to the particle content of the transients. In fact, all wave packets made with only
positive Minkowski frequency modes are sensitive to these transients, since there exists
no such wave packet which can vanish in a Rindler quadrant.6 Had we post-selected a
superposition of L Rindler quanta only, we would have found that 〈Tvv(vL)〉partnerP identi-
cally vanished, exactly like C+/+ of Eq.(62). The origin of this null result can be traced
back to Eq.(54). When one post-selects only L Rindler quanta, the contribution of the
second (interfering) term cancels that of the first term. Instead when imposing that a
superposition of Minkowski quanta be found on J +, the second term vanishes since the
post-selected state is orthogonal to Minkowski vacuum.
We learned from this analysis that, being local in U , C+/+(uL, v
′
L) is an extremely
coherent object whose vanishing results from fine tuned interferences. The slightest mod-
ification of the scattering, e.g. recoil effects[15, 27] or switching off effects, would break
these interferences. This leads to a non-vanishing result whose content of Unruh quanta
tells us that the pair creation process is stationary. In conclusion, the two-point correla-
tion function vanishes because, on one hand, it probes only locally the final configurations,
and, on the other, the description of the scattering is too simplified.
When looking at the partner conditional flux on J +R , one obtains the same expressions
as in Eqs.(80) and (81) with v → u
〈Tuu(uR)〉partnerP =
σ|λ¯|√
π
e−(u¯L+uR)
2σ2 (82)
〈Tuu(uL)〉partnerP =
σ|λ¯|√
π
e−(u¯L−uL)
2σ2e−2π|λ¯|/a . (83)
From these, one sees that the U partner of a U post-selected wave packet lies mainly on
the other side of the horizon U = 0, see Fig.6, and is distributed in a way which once
more displays the stationarity of the process.
6The first explanation of the compatibility of a null mean local flux with the readings of a particle
detector was made in [31]. Grove proved that the detection of particles produced by a uniformly acceler-
ating mirror occurs only if the detector is switched on in the causal future of the transients, see also [32]
for a similar observation in a slightly different context.
20
Figure 6: In this figure, the intensity profile of the post-selected wave packet is drawn as a
dashed curve. The corresponding values of the partner conditional fluxes are represented by
plain curves. The U/V symmetry of these fluxes is manifest. The dotted and dashed straight
lines schematically represent the characteristics followed by the partner configurations.
In conclusion, we notice that the transition amplitude Bλλ′ of Eq.(75) is unchanged if
one now considers the scattering by a mirror moving in the right quadrant. Hence, one
would obtain exactly the same conditional fluxes. To obtain expressions which depend
on the side in which the mirror lives, one should consider time dependent coupling. This
is the subject of Sec. 4. Before doing so, we shall consider another way to implement
the post-selection which will reveal the relations between the conditional fluxes and the
two-point function.
3.2 Post-selection by an additional quantum device
Another way to implement the post-selection is to introduce an additional quantum system
coupled to the field on the right of the mirror. In what follows, we shall use an inertial
two-level atom[2, 3] positioned at z = const, on the right of the mirror. The transitions of
the two-level atom are described by the lowering operator A(t) = e−imtA and its hermitian
conjugate. Here, m is the energy gap between its ground (|−〉) and excited state (|+〉).
One has A|−〉 = 0 and A|+〉 = |−〉.
To make contact with Sec. 3.1, we couple the detector only to U quanta. This is
achieved by the following action
LA = −f0
∫
dUf(U)
(
∂UΦ
U †Ae−imU + ∂UΦUA†eimU
)
. (84)
Here, f0 is the coupling constant and f(t) is a real function which governs how the
interaction is turned off and on.
Instead of Eq.(64), we consider the value of the energy flux 〈TV V 〉Π which is conditional
to find the detector in its excited state at t = +∞ when the initial state is |0〉⊗ |−〉. The
post-selection is imposed by applying the projector Π = |+〉〈+| at t = +∞. To second
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order in f0, in the Heisenberg representation for the evolution governed by Lint, we obtain
〈TV V 〉Π = 〈0|TV V |0〉+
〈0|TV V Π˜|0〉c
〈0|Π˜|0〉 , (85)
where
Π˜ = 〈−|LA Π LA|−〉 = f 20
∫ ∫ +∞
−∞
dU dU ′f(U)f(U ′) e−im(U−U
′) ∂UΦ
†∂U ′Φ . (86)
In the connected part of the conditional flux, the time ordering of LA with Lint is such that
LA can always be sent on the future of the evolution operator Te
iLint since the detector
is on the right of the mirror and since it responds only to U quanta. In the interacting
picture, the second term in Eq.(85) is
〈TV V 〉Π c =
∫ ∫ +∞
−∞
dU dU ′f(U)f(U ′) e−im(U−U
′) 〈0|e−iLint ∂UΦ†∂U ′Φ TV V eiLint |0〉c
(〈0|e−iLint Π˜ eiLint |0〉/f 20 )
. (87)
This expression should be compared to the two-point function of Eq.(53) and to the
former conditional flux, see Eq.(78). Two limits can be considered. In the first limit, f
is localized in space-time, i.e. f(U) = δ(U − U0). In this case, the numerator gives the
two-point function C+/+(U0, V ) of Eq.(53) whereas the denominator gives the mean value
of TUU . In the second limit, the Fourier transform of fe
−imU is “local” in the energy space,
i.e. f˜(ω) = δ(ω −m). In this case, the particle detector is switched on for all times and
is sensitive only to Minkowski quanta of frequency m. Then, up to an overall constant,
the projector Π˜ reduces to the normal-ordered counting operator Pm = a
U †
m a
U
m. When
acting on one-particle Minkowski states, it thus acts as the projector of Eq.(67).
We have thus proved that the conditional value, Eq.(87), generalizes the notion of
correlation functions as it interpolates from the local two-point function 〈TUUTV V 〉 to the
global correlation 〈aU †m aUmTV V 〉 which relies on the notion of particle. The intermediate
cases correspond to smeared and point-split expressions, see [33, 34] for similar consider-
ations on smeared correlation functions.
4 Scattering by two accelerated mirrors
In this Section, we study the scattering by two accelerating mirrors which follow symmetri-
cal trajectories in the R and L quadrants (see Fig.9). In Sec. 4.1, using the (unregulated)
Davies-Fulling model, we show that the Bogoliubov coefficients encoding pair creation
identically vanish. Their vanishing arises from perfect interferences, in very much the
same way of the perfect interferometer of Gerlach[24]. In Sec. 4.2, we prove that these
perfect interferences are an artifact of the unregulated description in which the coupling of
the mirror to the radiation field is strictly constant. In Sec. 4.3, we show how this singular
regime can be approached (but never fully realized if one insists on keeping regularity) by
fine-tuning the coupling constant.
4.1 The Davies-Fulling description
In the Davies-Fulling model, the mode scattered by the two mirrors is given by
ϕscatω (U) = −
e−iωVcl(U)√
4πω
, (88)
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for all U. Indeed, the peculiarity of two symmetrical uniformly accelerated trajectories is
that Vcl(U) = −1/a2U is valid for all values of U (and V ), as in the case of a single mirror
which originates from i− and ends in i+. If only one accelerated mirror was present, the
support of Vcl(U) = −1/a2U would have been restricted to half the real axis.
The Bogoliubov coefficient L+RβUV ∗ωω′ encoding pair creation is given, as usual, by the
overlap between ϕscatω with an out-mode of frequency ω
′, see Eq.(13). Thus one has
L+RβUV ∗ωω′ =
LβUV ∗ωω′ +
RβUV ∗ωω′ , (89)
where Lβ (Rβ) is the Bogoliubov coefficient one would obtain when considering only one
mirror. Moreover since [2]
RβUV ∗ωω′ =
i
πa
K1(2
√
ωω′/a) = − LβUV ∗ωω′ , (90)
the total Bogoliubov coefficient L+RβUVωω′ vanishes for all values of ω and ω
′ !!! Thus the
total energy emitted
〈HVM〉 =
∫ ∞
0
dω ω
∫ ∞
0
dω′
∣∣∣L+RβUV ∗ωω′ ∣∣∣2 (91)
vanishes as well since it is given in terms of the square of LβUV + RβUV and not in terms
of the sum of their squares. Therefore, 〈HVM〉 vanishes because of the perfectly destructive
interferences between the scattering amplitudes.
In brief, in this description, no pair is created, i.e. the two mirrors have no effect on
the vacuum configurations, exactly like an inertial mirror. This cancellation is directly
related to what Gerlach called a perfect interferometer, see Eq.(125) in [24]. It is also
related to the canceling effect found by Yi[25] when considering the asymptotic radiation
emitted by two accelerated (charged) black holes.
It is important to verify that this result is not due to the fact that the mirrors are
perfectly reflecting. In fact, it is also obtained when using partially transmitting mirrors
in constant interaction with the radiation field. This is easily verified by using the inter-
acting model. In this case, each mirror is coupled to the field by a Lagrangian given by
Eq.(1) with coupling parameter gL0 (g
R
0 ) and switching function g
L(τ) (gL(τ)). The total
Lagrangian is the sum Lint = L
L+LR. Thus, using Eq.(7), to first order in gL0 and g
R
0 , the
amplitude of spontaneous pair creation L+RBijωω′ = 〈0|aiωbjω′ iLint|0〉 identically vanishes
when7 gR0 = −gL0 and when gR(τ) = gL(τ) = constant. Hence, perfect interferences do
not follow from perfect reflection. As we shall now prove, they directly follow from the
fact the coupling is constant.
4.2 The regulated description
In [17], we proved that the scattering by a uniformly accelerated mirror is regular only
if its coupling to the radiation field decreases faster than e−a|τ |. (If this condition is not
fulfilled, the expectation values of observables are ill-defined, i.e. the result might depend
on the order in which the integrations are performed.)
7Had we taken the current J = Φ†i
↔
∂τΦ instead of ∂τΦ†∂τΦ + ∂τΦ∂τΦ† in Eq.(1), the condition
would have been gR0 = g
L
0 , thereby recovering the correspondence between the Lagrangian model and the
Davies-Fulling one.
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We shall now prove that by using any regular description of the scattering, the inter-
ferences leading to the vanishing of the L+Rβ coefficients are inevitably lost. To this end,
it is convenient to work in a “mixed” representation, i.e. with one quantum characterized
by a Minkowski frequency and its partner by a Unruh quantum with a given Rindler
frequency, see Sec. 2.3 in [17] for detailed expressions. In this case, when using g(τ) given
in Eq.(104), the spontaneous pair creation amplitude is
R,LBV Vωλ ≡ 〈0|aVω b˜Uλ eiLR,L |0〉c
=
ig0
πa
√
ωλ
1− e−2πλ/a (1− isω/aη)
−(1+iλ/a)/2 K1+iλ/a(2η
√
1− isω/aη) (92)
where s = ±1 for R and L respectively. One also finds that R,LBV Uωλ = R,LBV Vωλ . We thus
see that the regulator η ≪ 1, which is needed to obtain well-defined expressions, enters
differently in the amplitudes of the R and L mirrors. In fact, this is necessary for causality
to be respected. Hence, it is quite conceivable that the former canceling effects will be
lost when ω approaches the UV scale a/η.
Let us verify this numerically by studying the integrand of the Minkowski energy:
〈HVM〉L+R = 4
∫ ∞
0
dω ω
∫ +∞
−∞
dλ
∣∣∣LBV Vωλ + RBV Vωλ
∣∣∣2 = ∫ ∞
0
dω
∫ +∞
−∞
dλ hL+RM (ω, λ; η) . (93)
When gR0 = −gL0 and when gR(τ) = gL(τ) is given by Eq.(104), the integrand hL+RM
is shown in Fig.8. One clearly sees how g(τ) plays its role. The transients associated
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Figure 7: The integrand for one mirror hLM (ω, λ = 0.15a; η) in terms of lnω and ln η and in
arbitrary units. One sees clearly that the contribution of Minkowski modes exhibits a “plateau”
of constant height which is limited by the cut-offs lnω = ± ln η. All the modes whose frequency
belongs to this interval participate to the emitted flux.
by the switching function are different for the right and left mirrors. Hence the sum of
amplitudes no longer vanishes for frequencies close to the frequency cut-offs aη and a/η.
Instead, all the modes within the plateau, i.e. when the interaction is almost constant,
interfere destructively, as in the Davies-Fulling model. Hence, they do not participate to
the total energy.
There is another simple way to prove that the two mirrors cannot interfere destruc-
tively. It follows from causality. In fact, since the two mirrors are causally disconnected,
the mean flux obeys
〈TV V (V )〉L+R = 〈TV V (V )〉L + 〈TV V (V )〉R , (94)
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Figure 8: The integrand for the two mirrors hL+RM (ω, λ = 0.15a; η) in terms of lnω and ln η and
in the same arbitrary units. Unlike for a single mirror, the “inside” modes with aη ≪ ω ≪ a/η
no longer contribute because of the destructive interferences. However, these interferences are
lost when reaching the transient frequencies ω = aη and ω = a/η, thereby giving rise to a positive
integrand.
since 〈TV V 〉L(R) vanishes identically in R(L). Hence
〈HVM〉L+R = 〈HVM〉L + 〈HVM〉R
= 4
∫ ∞
0
dω ω
∫ +∞
−∞
dλ
(∣∣∣LBV Vωλ ∣∣∣2 + ∣∣∣RBV Vωλ ∣∣∣2
)
. (95)
This tells us that whatever are the couplings between the two mirrors and the radiation
field, when causality is respected, the total energy emitted by the mirrors can be added in-
coherently, i.e. , unlike what was found in the Davies-Fulling model in Eq.(91). Therefore,
when causality is respected, Eqs.(93) and (95) imply
∫ ∞
0
dω ω
∫ +∞
−∞
dλ Re
{
RBV Vωλ
LBV V ∗ωλ
}
≡ 0 . (96)
To complete the analysis we now determine to what extend two accelerated mirrors
can constitute a perfect interferometer. That is : What is the most interfering situation ?
4.3 A perfect interferometer ?
To answer this question, we use the interacting model and we parametrize the coupling
constant in Fourier transform: gL(τ) =
∫ +∞
−∞ dλ g
L
λ e
−iλτ and gR(τ) =
∫ +∞
−∞ dλ g
R
λ e
−iλτ .
Instead of studying the average value of H or TV V , it is simpler to compute the
probability to receive one Unruh quantum on J +. The two accelerating mirrors would
provide a perfectly interfering device if this probability vanishes. To compute it we use
the projector Pλ¯ associated with the detection of a Unruh quantum on J +R , i.e. with
f(λ) = δ(λ− λ¯) e
iλu¯L√
4πλ(e2πλ/a − 1)
(97)
in Eq.(68). To the second order in the g0’s, from Eq.(74), we get
〈Pλ¯〉L+R =
n2λ¯
2π
∫ +∞
−∞
dλ λnλ
∣∣∣gL0 gL ∗λ+λ¯ + eπ(λ¯+λ)/agR0 gRλ+λ¯
∣∣∣2 . (98)
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The above expression vanishes if
gL0 g
L ∗
λ = −eπλ/a gR0 gRλ , (99)
for all λ. The only solution for (real) coupling functions is given by time-independent
opposite real numbers : gL(τ) = gR(τ) = 1 and gL0 = −gR0 . Therefore, we find that
one can form a perfect interferometer if and only if one considers two mirrors constantly
in interaction with the radiation. However, the necessary condition to obtain regular
Minkowski expressions is then violated.
So let us minimize the probability 〈Pλ¯〉L+R by insisting that one has regular expres-
sions, i.e. that both gR and gL decrease faster that e
−a|τ |. For instance, take Gaussian
switching functions for each mirror with a priori different width and center:
gR(τ) = e−(τ−τR)
2/2T 2
R and gL(τ) = e−(τ−τL)
2/2T 2
L . (100)
For simplicity and from our previous analysis, we suppose that gR0 = −gL0 . We also work
in the double limit of rare events |λ¯|/a≫ 1 and long couplings aTL,R ≫ 1. Then the ratio
of the probabilities when having one or two mirrors is
〈Pλ¯〉L+R
〈Pλ¯〉L
∝ 1
a2T 2
(1 + χ1(τR + τL)
2a2 + χ2|TR − TL|/TL) , (101)
where χ1 and χ2 are positive factors of order unity and T = (TR + TL)/2. Therefore, the
minimization of the probability is reached for switching functions:
• which possess the same lapse TR = TL = T
• and which are centered symmetrically: τR + τL = 0 (see Fig.9).
When T → +∞, we get 〈Pλ¯〉R+L/〈Pλ¯〉L → 0, thereby approaching the perfect inter-
ferometer behavior. However, in this case, the Minkowski energy will diverge like eaT .
Figure 9: In this diagram, we show the trajectories followed by the two mirrors. We represent
an example of a fine-tuned device by drawing thicker lines when the interactions are switched on.
The centers of the thicker parts are symmetrical with respect to U = V = 0 and the lapses are
identical.
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Conclusions
We recall the main results derived in this paper. We first study the quantum correlations
within the fluxes emitted by a uniformly accelerated mirror. The results, which are
summarized in Tables 1 and 2, reveal how the original correlations of the vacuum are
scattered by the mirror. However, this analysis is partial in that the particle content
of the fluxes is not disentangled when probing the final state by local operator. This is
particularly clear for C+/+ of Eq.(62) which vanishes in the limit g → const.
To complete the analysis, we then compute the conditional flux which is correlated to
the detection of a given outgoing particle. These conditional fluxes are rather similar to
the corresponding two-point functions. However, they differ in one respect: the second
term of Eq.(54) never contributes to the conditional value whereas it does for the two-
point function. In fact, it is at the origin of the vanishing of C+/+ of Eq.(62). In addition,
once its contribution is suppressed, either by a post-selection or by taking into account
recoil effects, one finds that the scattering by a uniformly accelerated mirror leads to a
steady production of pairs of quanta.
To further relate the usual correlation functions to the conditional values of the fluxes,
we present another way to perform the post-selection so as to be able to recover the formers
as limiting cases of the latter. We believe that this is quite important for the following
reasons. First, when studying quantum field theory in a curved space-time[2], one looses
the notion of particle which exists in Minkowski space-time. Therefore, in the absence of
a unique definition of particle, it has been claimed that the only meaningful quantities
are expectation values of local operators. We find this claim too restrictive in that not
only mean quantities have physical meaning in quantum settings: To ask what happened
when a particle detector did click, or did not click, are perfectly legitimate questions.
It is therefore of importance to establish an explicit relationship between the local and
the particle descriptions. This has been here achieved by introducing a particle detector,
computing the conditional value of the flux, and adjusting the window function both in
space-time and in the energy space, so as to generate a spectrum of matrix elements which
reduce, in limiting cases, to conventional expectation values of local operators and global
operators.
Secondly, the correlations of local operators are singular in the coincidence point limit
and near a black hole horizon[18, 19, 20, 21, 14, 11] or in inflationary cosmology[22,
23]. It is still unclear at present how to handle these divergences when considering the
gravitational back-reaction associated with the fluctuations of Tµν . It is thus also of
importance to deal from the outset with point-split and smeared generalization of (ultra-
local) correlation functions. Such a generalization is naturally obtained by considering
the conditional fluxes as computed in Section 3.2.
Finally, to further illustrate the need of using regularized transition amplitudes, we
studied the scattering by two mirrors which follow symmetrical trajectories. This example
is particularly interesting since it leads to incoherent results when using the Davis-Fulling
model. Instead, when using regularized amplitudes, the apparently paradoxical results
are all resolved.
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Appendix : Uniformly accelerated mirrors
Uniform acceleration means that (up to a 2D translation)
t2cl(τ)− z2cl(τ) = −
1
a2
. (102)
This equation defines two causally disconnected trajectories, lying respectively in R and
L, the right and left Rindler wedges. In Sec. 2 and 3, we consider the scattering on the
right of an accelerated mirror in the left quadrant. In null coordinates, its trajectory is
given by
Vcl(τ) = −1
a
e−aτ = −1/a2Ucl(τ) , (103)
(we work with dtcl/dτ > 0).
In the self-interacting model, as shown in [17], any function g(τ) which decreases faster
than e−a|τ | is sufficient to obtain regular transition amplitudes. A convenient choice is
provided by
g(τ) ≡ e−2η cosh(aτ) = e−η(aVcl(τ) + 1/aVcl(τ)) , (104)
where 0 < η ≪ 1 is a dimensionless parameter. This function possesses a plateau of
height 1 centered around τ = 0 whose duration is given by
2T ≃ 2| ln(2η)|
a
. (105)
The slope of the switching on and off is independent of η and proportional to a. The tail
decreases as e−ηe
a|τ |
, thus faster than the required e−a|τ |.
Using Eq.(104), we obtained analytical expressions for the scattering amplitudes Aij ∗ωω′
and Bijωω′ :
AV V ∗ωω′ = δ(ω − ω′)−
4ig0
π
√
|ωω′|
a
η2
X2
K2(X) , (106)
where X = 2η
√
1− i(ω − ω′)/aη, and where K2 is a modified Bessel function, see Ap-
pendix A in [17] and [35], and
AV U ∗ωω′ = −
ig0
π
√
|ωω′|
a
K0(Y ) , (107)
where Y = 2
√
(ω/a+ iη)(−ω′/a− iη). The well-defined analytical properties of Aωω′
allows to obtain the pair creation amplitudes by crossing symmetry:
Bijωω′ = −Aij ∗ω,ω′′=ω′e−ipi . (108)
Unlike the overlaps of Eqs.(12) and (13) evaluated with the Davies-Fulling model, see
Eqs.(19) of [17] for explicit expressions, these amplitudes are regular and well-defined in
the complex plane of ω and ω′.
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